Human immunodeficiency virus type 1 (HIV-1) envelope (Env) induces fusion between the viral and cell membranes through a multitude of steps. Binding of the surface subunit, gp120, to CD4 permits interaction of gp120 with chemokine receptors (usually CCR5 or CXCR4). Formation of ternary gp120/CD4/coreceptor complexes is thought to trigger conformational changes in the transmembrane gp41 subunit, culminating in formation of a thermodynamically stable six-helix bundle (6HB) structure (Fig. 1 ). All known structures of the ectodomains of class I viral fusion proteins share a common 6HB motif (15, 38) . HIV gp41 6HBs are comprised of the central triple-stranded coiled coil contributed by the three N-terminal heptad repeat domains. Three C-terminal helical domains, one from each gp41 monomer, bind in antiparallel orientation to the hydrophobic grooves of the coiled coil (9, 41, 43) . Formation of helical bundles should bring the hydrophobic N-terminal domains referred to as fusion peptides and the C-terminal transmembrane domains (both not part of the crystal structure) to the same end of the rigid, rod-like molecule.
A large body of evidence indicates that the ability of gp41 to fold into a 6HB is critical for HIV Env-mediated fusion (reviewed in references 15 and 19) . Most importantly, synthetic peptides derived from the N-and C-terminal heptad repeat domains of gp41 (referred to as N and C peptides, respectively) potently inhibit HIV entry and Env-induced membrane fusion (29, 33, 37, 44) . It is widely accepted that N and C peptides block fusion by binding to their complementary regions on gp41 and preventing its folding into a 6HB (for an example, see reference 10). These peptides bind to gp41 intermediates formed after Env engages CD4, but they do not bind to a native conformation of the fusion protein (17, 18, 29) or to a 6HB (22) . A set of gp41 conformations recognized by N or C peptides is collectively referred to as prebundles or prehairpins.
Because gp41 six-helix bundles likely represent the final, postfusion conformation (24, 29) , it is important to identify the intermediate gp41 structures formed en route to a 6HB. The most commonly accepted two-step model of HIV fusion postulates the existence of gp41 intermediate that engages the target membrane by inserting the hydrophobic fusion peptides (10, 43) (Fig. 1 ). This intermediate conformation is thought to fold into a 6HB, bringing the fusion peptides and the transmembrane domains into close proximity and promoting membrane fusion. The first step of this model has been proposed by analogy to influenza hemagglutinininduced fusion (14, 15, 39) for which insertion of fusion peptides into the target membrane prior to membrane merger has been experimentally demonstrated by a photoaffinity labeling technique (13, 40) . However, this technique failed to detect a similar intermediate for HIV or simian immunodeficiency virus Envinduced fusion (35) .
We have previously characterized conformational intermediates of gp41 by arresting HIV-1 Env-induced fusion at different stages and testing the ability of inhibitory peptides to block fusion from these intermediates (2, 24, 29) . This analysis revealed two distinct sets of gp41 prebundle conformationsone that occurs before membrane merger and one that forms immediately after fusion pore opening. We obtained evidence that gp41 prebundles are responsible for forming the pores, whereas 6HBs prevent pore closure and perhaps facilitate their enlargement (24) . However, the utility of the inhibitory C peptides for further dissection of gp41 conformational changes is limited because these peptides do not discriminate between a multitude of prebundle conformations formed upstream of membrane merger.
In this work, we enabled selective binding of C peptides to a subset of gp41 prebundles by expressing these peptides in target cells (16, 21) . The target membrane-anchored C peptides (tMACs) have been shown to bind soluble N peptides (derived from the gp41 coiled coil domain) and to inhibit infection and HIV-1 Env-induced cell fusion (16) . A different study has shown that liposome-reconstituted trimeric gp41 fragments encompassing the C-helical and transmembrane domains also bind the N peptides and block HIV entry (23) . Thus, both soluble and membrane-anchored C peptides (MACs) appear to inhibit fusion by binding to the coiled coil region of gp41 and preventing 6HB formation. However, based on topological considerations, tMACs must exclusively recognize gp41 conformations that bring the hydrophobic N termini of the trimeric coiled coil (known as fusion peptides) into close proximity with the target membrane (Fig. 1, upper panel) . This proximity should almost assuredly lead to insertion of the hydrophobic fusion peptides into the target membrane, reducing the free energy of gp41 in this conformation. To determine whether gp41 engages the target membrane prior to fusion, we stabilized different conformations of gp41 by capturing fusion at distinct intermediate stages, followed by reestablishing the fusogenic conditions. Stabilizing gp41 conformations that are recognized by MACs would permit optimal binding and strongly potentiate the inhibitory activity of these peptides.
Through this approach, we have identified an intermediate stage upstream of membrane merger that blocked subsequent fusion with MAC-expressing cells but not with target cells that lacked the peptide. These findings provide the first experimental evidence that formation of the target membrane-inserted conformation of HIV-1 gp41 is critical for fusion. This bridging conformation should effectively convert the energy released from the subsequent gp41 folding into a 6HB into a mechanical force that promotes membrane fusion.
MATERIALS AND METHODS
Cell lines and reagents. HEK293T cells were purchased from ATCC (Rockville, MD) and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 0.5 mg/ml G418. PM-1/M87 and PM-1/ M140 cells were derivatives of the parental PM-1 cell line engineered to express the membrane-anchored T20 (a 36-residue C peptide) and C46 peptides, respectively (16) . For simplicity, we will refer to PM-1/M87 and PM-1/M140 cells as tT20 cells and tC46 cells, respectively. The control cells, PM-1/neo (designated PM-1), have been transduced with an empty vector (16) . All three PM-1-derived cell lines were maintained in RPMI 1640 supplemented with 10% fetal calf serum and 0.8 mg/ml G418. Expression vector, peak10-syngp160mn, bearing a codon-optimized HIV MN Env gene (3), was a gift from Brian Seed (Massachusetts General Hospital). CD4 was transiently expressed from the pCDNA3 vector (provided by R. Doms, University of Pennsylvania), and the membraneanchored C46 peptide was transiently expressed from the M87/C46-Ineo vector described previously (16) . Synthetic C34 peptide derived from gp41 C-terminal heptad repeat region was purchased from Macromolecular Resources (Fort Collins, CO). The 12:0 lyso-phosphatidylcholine (LPC) was received from Avanti Polar Lipids (Alabaster, AL). Fluorescent dyes, calcein AM, CellTracker blue (7-amino-4-chloromethylcoumarin [CMAC]), and CellTracker green (5-chloromethylfluorescein diacetate [CMFDA]), were purchased from Molecular Probes (Eugene, OR). AMD3100 was purchased from Sigma Chemical (St. Louis, MO). The 2F5 antibody was kindly provided by H. Katinger and G. Stiegler. The following reagents were received from the NIAID AIDS Research and Reference Reagent Program (ARRRP): gp120 monoclonal antibody 2G12 (from Hermann Katinger) (7), CD4 monoclonal antibody SIM.4 (from J. Hildreth) (25) , and AMD3100 (from AnorMed, Inc., Langley, British Columbia) (6, 12) . We found that the latter batch of AMD3100 was less potent than the AMD3100 obtained from Sigma.
Expression of HIV Env, membrane-anchored C46, and CD4. Constitutive expression levels of tT20 and tC46 peptides in PM-1 cell lines were comparable, as has been shown by fluorescence-activated cell sorter analysis using 2F5 antibody (16) . HIV Env (syngp160mn) was transiently expressed in HEK 293T cells by calcium phosphate transfection, using 5 g of Env-expressing plasmid and 2.5 g of cRev plasmid (a gift from Carol Weiss, FDA) per 60-mm dish, as described previously (28) . The target 293T cells were transfected with 7 g of CD4-encoding plasmid. When required, 2.5 g of membrane-anchored C46 plasmid was added to the transfection mixture with Env and Rev or with CD4 expression vectors. The total amount of DNA in the transfection mixture was adjusted to 10 g by adding appropriate amounts of an empty vector. Cell surface expression of HIV Env and CD4 (in the presence and absence of membrane-anchored C46 peptide) was determined by flow cytometry using human 2G12 (12 g/5 ϫ 10 were examined for each datum point. The kinetics of fusion was measured by adding a high concentration of C34 after different times of cell coincubation at 37°C. The temperature-arrested stage (TAS) (29) was created by coincubating the cells at 23°C for 2.5 h (unless otherwise indicated). The lipid-arrested stage (LAS) was created by treating the cells captured at TAS with 0.10 to 0.15 mg/ml LPC for 3 min at room temperature, followed by a 45-min incubation at 37°C in the presence of LPC. Fusion from LAS was induced by removing LPC from cell membranes by repetitive washing with cold Dulbecco's modified Eagle's medium supplemented with 0.1% bovine serum albumin and further incubating the cells at 37°C. Inhibition of fusion by AMD3100 was parameterized (to determine the 50% inhibitory concentration [IC 50 
RESULTS
Rationale. Synthetic soluble C peptides (e.g., T20 and C34) block fusion by binding to the hydrophobic grooves of the gp41 coiled coil transiently exposed in the course of fusion and preventing 6HB formation (see references 10 and 15 and references therein). Interactions of these peptides with the gp41 coiled coil should occur regardless of the position of gp41 with respect to the target membrane. In fact, C peptides bind to soluble CD4-triggered conformation(s) of gp41 (referred to as early prebundles) in the absence of target cells (17, 20, 29) . To confer the ability to selectively recognize a subset of gp41 conformations that engage the target membrane, we engineered C peptides that were anchored to the target cell membrane through a single membrane-spanning domain (16, 21) . We postulated that these spatially restricted peptides (referred to as tMACs) bind to the coiled coil domain of gp41 only when the N termini of these domains (i.e., the hydrophobic fusion peptides) are positioned against the target membrane (Fig. 1, upper panel) . In this conformation, the fusion peptides are highly likely to insert into the target membrane, eliminating the prohibitively high energy of hydrophobic residues in an aqueous phase. In contrast, the topology of tMACs must prevent their interaction with early gp41 prebundles, e.g., those that form upon CD4 binding (17, 18, 29) . We will hereafter refer to gp41 conformations that are recognized by tMACs as "bridging prebundles." Formation of heterologous complexes between MACs and bridging prebundles is expected to prevent 6HB formation and fusion ( Fig. 1, upper panel) .
If tMACs do selectively recognize a subset of prebundle conformations that engage the target membrane prior to membrane merger, three principal predictions can be made. First, tMACs are expected to arrest fusion at a stage that occurs after Env binds CD4 and coreceptor but before it induces hemifusion (merger of the contacting leaflets of two membranes without fusion pore formation) (27) . Second, by analogy to soluble C peptides whose potency is determined by the time of gp41 prebundle exposure (2, 20, 36) , the efficacy of tMACs should depend on the rate of conversion of bridging prebundles into 6HBs. In a 6HB conformation, gp41 no longer binds the C peptides, rendering fusion resistant to this class of inhibitors (22, 24) . Hence, by reversibly arresting fusion at a stage where the bridging prebundles are formed, one should be able to optimize tMAC-gp41 interaction and achieve more potent inhibition of fusion compared to that upon direct coincubation at 37°C. Third, based on simple topological considerations ( Fig.  1 , lower panel), C peptides coexpressed with Env on effector cells (referred to as eMACs) should not interact with the bridging prebundles and, therefore, should not suppress fusion. Below we describe the experiments designed to test these predictions.
Target membrane-anchored C peptides delay the onset and decrease the extent of Env-induced fusion. To study the inhibition of fusion by tMACs, CD4
ϩ /CXCR4 ϩ cells (PM-1 and their derivatives) were coincubated with effector cells transiently expressing X4-dependent HIV-1 Env. The extent and kinetics of fusion were quantified based on transfer of fluorescent aqueous dyes between cells, as described in references (29 and 30) . Target cells either lacked (PM-1 cells) (Fig. 2) or stably expressed the T20 peptide (tT20 cells) or tC46 peptide (tC46 cells). The T20 peptide is comprised of the 36 membrane-proximal residues of the gp41 ectodomain (16) , and the C46 peptide (tC46) encompasses 10 additional residues that are N-terminal to the T20 sequence. The latter residues are known to bind into the deep hydrophobic pocket within the gp41 coiled coil (8), contributing to the inhibitory activity of soluble C46. Expression of tT20 resulted in a relatively modest decrease of the extent of Env-induced fusion ( Fig. 2A) , whereas tC46 strongly suppressed fusion. It is worth pointing out that aqueous dye transfer to PM-1 cells occurred without appreciable delay, whereas fusion to tT20 and tC46 cells started after a significant lag time. In fact, tC46 cells did not fuse to effector cells during the first hour of coincubation at 37°C.
Notably, once started, fusion to PM-1, tT20, and tC46 cells occurred at the same rate. Indeed, normalizing the kinetics of aqueous dye transfer to the final extent of fusion and shifting the curves to compensate for their lag times yielded virtually superimposable kinetic curves for different target cells (Fig.  2B ). To test whether soluble C peptides have the same effect on the fusion kinetics as tMACs, a suboptimal concentration of soluble C34 was added at the time of cell coculture. Soluble C34 increased the lag time to dye redistribution and reduced the fraction of fused cells ( Fig. 2A ) but did not significantly affect the rate of fusion after the lag time (Fig. 2B) . Thus, the main kinetic effect of the soluble and membrane-anchored C peptides was elimination of the early fusion events. These effects on the kinetics and extent of fusion are consistent with reduction of density of fusion-competent Envs as a result of peptide binding. Note that lowering the number of activated Env by reducing the density of coreceptors on target membrane also delayed the onset of cell fusion (30) .
tMACs capture gp41 conformations that occur upstream of membrane merger. Our model predicts that tMACs block fusion by binding to the bridging prebundles that engage the target membrane before the two membranes merge. We therefore tested whether fusion to cells expressing tMACs is blocked at the stage prior to hemifusion. Hemifusion is defined as the merger of contacting but not distal leaflets of two membranes that should result in transfer of lipophilic dye incorporated into the external lipid monolayer without redistribution of aqueous content (27) . Generally, however, extensive internalization and segregation of lipophilic dyes inserted into the cell plasma membrane limits their utility for detecting cell-cell hemifusion. In addition, lipid diffusion through a local hemifusion site is restricted (1, 11, 26) formed with tMAC-expressing cells, we used chlorpromazine-an amphipathic drug that selectively destabilizes the hemifusion diaphragm and induces fusion (1, 26, 27) . Target (PM-1, tT20, or tC46) and effector cell pairs were allowed to fuse for 30 min at 37°C and then briefly treated with 0.5 mM chlorpromazine. This treatment did not increase the extent of aqueous dye transfer compared to cells not exposed to chlorpromazine (Fig. 2C) . We also found that the same treatment failed to induce fusion between E/T cells cocultured in the presence of high concentrations of C34 (Fig. 2C ). These results suggest that both C34 and tMACs capture gp41 conformations that occur upstream of membrane merger. tMACs block fusion at a stage that follows CD4 and coreceptor binding steps. It is widely accepted that C peptides bind exclusively to the gp41 coiled coil. However, there is evidence that soluble T20 (but not C34, for instance) associates with CD4-induced sites on X4-tropic gp120 and prevents gp120-CXCR4 binding (45) . To address whether tT20 could also interfere with gp120-CXCR4 binding, we utilized a novel assay that monitors binding of Env on effector cells to CD4 and coreceptors on target cells in the absence of fusion (29, 30) . This was achieved by prolonged coincubation of E/T cells at a temperature that was not permissive for fusion. Fusion from this TAS induced by warming cells to 37°C was partially resistant to CXCR4 and CCR5 binding inhibitors (30) , implying that, for a fraction of E/T cells, a critical number of Envs have engaged a requisite number of coreceptor molecules. The degree of protection against coreceptor binding inhibitors increased with the time of preincubation. Thus, acquisition of resistance to coreceptor binding inhibitors at TAS provided a means to evaluate the rate and the extent of ternary (Env/CD4/ coreceptor) complex formation.
We first measured the baseline sensitivity to a small-molecule CXCR4 binding inhibitor, AMD3100. The drug added at the beginning of cell coincubation at 37°C (referred to as "standard protocol") suppressed fusion to tT20-expressing cells much more potently than to PM-1 cells (Fig. 3A) . The IC 50 for PM-1 cells was almost an order of magnitude higher than that for tT20 cells (239 nM and 27 nM, respectively). In fact, a concentration of the drug that did not appreciably affect fusion to PM-1 cells (ϳ100 nM) completely suppressed fusion to target cells expressing tT20. Thus, AMD3100 and tT20 greatly potentiate each other-a finding that is consistent with the previously observed synergism between soluble T20 and AMD3100 (42) .
Next, we compared the extents and the rates of ternary complex formation with PM-1 and tT20 cells at subthreshold temperature. If tT20 interferes with gp120-CXCR4 binding, we expect that a larger fraction of cells expressing tT20 will be susceptible to AMD3100 inhibition at the TAS compared to cells lacking the peptide. With PM-1 cells as targets, a high concentration of the drug (greatly exceeding its IC 90 ) added at the TAS blocked about half of the fusion events that occurred in the absence of AMD3100 (Fig. 3B) . Likewise, aqueous dye transfer to tT20 cells induced by raising temperature at the TAS was only partially blocked by AMD3100 added at this point (Fig. 3B) . Thus, incubation at subthreshold temperature produced two distinct populations of E/T cells-one that was resistant and one that was sensitive to AMD3100 inhibition. Note that even the AMD3100-inhibitable population of tT20 cells demonstrated greatly (approximately sevenfold) increased resistance to the drug compared to that in a standard protocol (Fig.  3A and B) . In fact, the IC 50 for tT20 cells at the TAS (194 nM) was comparable to that for PM-1 cells (364 nM). Partial protection against AMD3100 inhibition after an extended preincubation at 23°C (Fig. 3B) is consistent with slow assembly of gp120/CD4/CXCR4 complexes (30) . We evaluated the rate of ternary complex formation by adding AMD3100 after varied times of preincubation at 23°C and found that these rates were virtually identical for PM-1 and tT20 cells (Fig. 3C) . Also, in spite of the high AMD3100 sensitivity of tT20 cells in a standard protocol (Fig. 3A) , comparable fractions of PM-1 and tT20 cells were resistant to the drug added at the TAS ( Fig. 3B; Fig. 4A ). Thus, neither the extent nor the rate of ternary complex formation was strongly affected by tMACs. We concluded that tMACs did not interfere with Env interactions with CD4 and coreceptors and that these peptides act at stages downstream of coreceptor binding steps.
The initial rate of fusion determines the potency of tMACs. The failure of tMACs to prevent ternary complex formation ( Fig. 3B and C) rules out the possibility that tT20 interacts with coreceptor binding sites on gp120. Thus, tT20 does not synergize with AMD3100 by competing with coreceptors for binding to gp120. How does AMD3100 enhance the effect of tT20? Both the rate and the extent of HIV-1 Env-induced fusion are known to increase with the surface density of coreceptors (34, 36) , whereas inhibitors of coreceptor binding prolong the lag time and reduce the efficacy of cell fusion and virus entry (30, 34) . It is therefore likely that AMD3100 slows down the fusion reaction by reducing the density of CXCR4 available for Env activation and, thereby, permits more optimal tMAC-gp41 binding. In fact, for soluble C peptides, there is strong evidence that HIV resistance to these inhibitors is largely determined by the kinetics of fusion, which correlates with the rate of conversion into a final 6HB structure (2, 20, 36) . Incomplete inhibition of cell fusion by tT20 ( Fig. 2A) is consistent with the kinetically limited, inefficient binding to transiently formed gp41 bridging prebundles.
To validate the above mechanism, we measured the kinetics of content mixing in the presence of a moderate concentration (190 nM) of AMD3100 that reduced the extent of fusion by approximately twofold. Whereas the lag time to fusion with PM-1 cells in the absence of AMD3100 was negligibly small, the onset of dye transfer was delayed by ϳ15 min when a moderate dose of the inhibitor was present in the medium (Fig.  3D ). This result is consistent with the idea that AMD3100 potentiates the effect of tMACs by reducing the rate of gp41 folding into a 6HB. As expected, the same moderate concentration of AMD3100 abolished fusion to tT20-expressing cells (Fig. 3D) . The finding that the slower rate of fusion translated into more potent inhibition of fusion validates our strategy to identify the stage of fusion at which gp41 directly engages the target membrane by reversibly capturing the process at distinct intermediates upstream of membrane merger. If bridging prebundles are formed and captured at any of these intermediate stages, fusion induced by restoring the optimal conditions from this point should be extremely sensitive to inhibition by tMACs. gp41 does not engage the target membrane at temperaturearrested stage. Preincubation at 23°C (to create the TAS) did not significantly affect the extent of fusion compared to the standard protocol for both PM-1 and tT20 cells (Fig. 3A and  B) . Failure to improve the efficacy of tT20 upon creating the TAS suggests that gp41 does not form the bridging prebundles at this stage. However, to correctly determine the extent of fusion from this intermediate, it is important to prevent content mixing between E/T cell pairs that did not reach the TAS after preincubation at 23°C. Indeed, only a fraction of cells formed ternary complexes at this stage, as evidenced by partial protection against AMD3100 (Fig. 3B and C) . Due to the heterogeneity of E/T cells captured at the TAS, dye transfer promoted by raising temperature can be induced by Env trimers that engaged CD4 and coreceptors, as well as by those that remained in their native state (referred to as "free" Env). To block fusion mediated by free Envs, a high concentration of AMD3100 was added before raising temperature to 37°C (Fig.  3B) . To better illustrate the degree of AMD3100 resistance attained at the TAS, the fraction of cells fused in the presence of the drug was normalized to that in the absence of AMD3100 (Fig. 4A) . Note that AMD3100 significantly reduced the extent of fusion from the TAS, demonstrating that the majority of fusion events that occurred from this stage (55% and 70% for PM-1 and tT20 cells, respectively) were, in fact, induced by free Envs. Because comparable fractions of both PM-1 and tT20 cells exhibited AMD3100-independent fusion from the TAS (Fig. 4A) , we concluded that tT20 did not bind to Envs that engaged CD4 and coreceptors at subthreshold temperature. Thus, even though the gp41 coiled coils are likely exposed at the TAS (29), tMACs do not appear to interact with these structures. The lack of significant potentiation of tMAC activity at this stage led us to conclude that binding of gp120 to CD4 and coreceptors at subthreshold temperature is not sufficient to trigger gp41 refolding into bridging prebundles.
The bridging conformations of gp41 form at the lipid-arrested stage. To determine whether critical gp41 refolding that leads to target membrane engagement requires elevated temperature in addition to ternary complex formation, we tested the potency of tMACs after capturing fusion at the LAS. The LAS was created by exposing cells captured at TAS to 37°C in the presence of LPC-an inhibitory lipid that disfavors membrane rearrangements that lead to fusion (29) . Aqueous dye redistribution from LAS was triggered by removing LPC and further incubating cells at 37°C (see Materials and Methods). As in TAS experiments, Envs that did not form ternary complexes with CD4 and coreceptors at LAS were prevented from inducing fusion by adding AMD3100. Cells were exposed to the drug immediately after LPC removal and prior to the final incubation at 37°C. The majority of PM-1 cells captured at LAS fused after optimal conditions were restored in the presence of AMD3100 (Fig. 4A) , even though the drug was added at a concentration that exceeded that required to completely suppress fusion in a standard protocol (first column). In sharp contrast to PM-1 cells, fusion to tT20 cells did not occur in the presence of AMD3100 added at the LAS. Thus, tT20 appears to effectively capture the gp41 conformations formed at this stage, completely blocking their final refolding and membrane fusion that would otherwise have occurred upon removal of the inhibitory lipid. The finding that tMACs optimally recognize the intermediate structure(s) of gp41 formed at the LAS is consistent with formation of the bridging prebundles at this stage.
It is unlikely that fusion from the LAS was abolished due to tMACs interfering with the formation of ternary complexes because these complexes were already preformed at the TAS (Fig. 3B and C and 4A ) and should not disassemble upon subsequent creation of the LAS (see Materials and Methods). In fact, ternary complex formation was further promoted at the LAS compared to the TAS for PM-1 cells, as evidenced by the increased fraction of cells that fused in the presence of AMD3100 (Fig. 4A) . On the other hand, because the activity of tT20 has been strongly augmented when the initial rate of fusion was decreased by adding moderate doses of AMD3100 (Fig. 3D) , it is conceivable that the effective block of fusion by tT20 from the LAS (Fig. 4A ) occurred due to the slower kinetics of fusion from this stage. To address this possibility, we measured the kinetics of fusion to PM-1 and to tT20 cells (Fig.  4B) after arresting fusion at the LAS. Whereas the extent of fusion to PM-1 cells from the LAS was somewhat reduced, the overall rate of fusion was unaltered compared to fusion in a standard protocol. Most importantly, fusion from the LAS started without a delay that could account for the increased potency of tMACs. In contrast, dye transfer to tT20 cells remained undetectable for several hours after lifting the block for fusion at the LAS (Fig. 4B) . Thus, formation of gp41 bridging prebundles at LAS (Fig. 1 ) and their association with tMACs is the most likely explanation for the increased potency of tT20. We therefore concluded that engaging the target membrane at the LAS permitted optimal interaction between gp41 and tT20.
C peptides anchored to effector cells are poor inhibitors of Env-induced fusion. One of the principal predictions of our model was that, in contrast to tMACs, eMACs should not suppress fusion. To test this prediction, the C46 peptide was transiently coexpressed either with HIV Env in effector cells or with CD4 in target cells (designated eC46 and tC46, respectively). Because 293T cells expressed endogenous CXCR4, transfection with CD4 rendered them competent for fusion with Env-expressing cells (Fig. 5) . However, it must be pointed out that considerable transfer of calcein occurred through gap junctions formed between the effector 293T and target 293T cell pairs in an Env-and receptor-independent manner (data not shown). Nonspecific dye redistribution was avoided by replacing calcein with CMFDA. CMFDA is a membrane-permeable thiol-reactive dye that is trapped in the cytoplasm after forming fluorescent thioether adducts; it did not transfer between 293T cells under nonfusogenic conditions (data not shown).
To meaningfully evaluate the inhibitory activity of membrane-anchored C46, the amounts of plasmids used for transfection were adjusted so that coexpression of the peptide did not reduce the level of CD4 or Env on the cell surface ( Table  1 ). The level of C46 expression was not measured, but it was assumed that equal amounts of C46 plasmid yielded comparable expression in effector and in target 293T cells. In agreement with the results shown in Fig. 2, tC46 reduced the extent of CMFDA transfer by 10-fold (Fig. 5A) . Surprisingly, when C46 was expressed in the effector membrane (eC46), the efficacy of fusion was significantly reduced (by ϳ40%) (Fig. 5A ) compared to effector cells lacking the peptide. Thus, proper orientation of MACs with respect to the target membrane is important for their ability to block fusion, but the peptides coexpressed with Env can also exhibit appreciable inhibitory activity.
eMACs likely target postfusion conformations of gp41. The finding that effector cell-anchored peptides attenuate HIV-1 Env-induced fusion activity raises several questions. Do tMACs and eMACs block fusion by the same fundamental mechanism? If not, what steps of the fusion reaction are targeted by eMACs? eMACs expressed in effector cells should not be able to recognize gp41 bridging prebundles (Fig. 1) . If these peptides bind to any other conformations of gp41 downstream of coreceptor binding but upstream of membrane merger, the efficacy of inhibition by eMACs should be altered by temporarily arresting fusion at intermediate stages that precede membrane merger (as was the case for the tT20 peptide) (Fig. 4A) . We therefore determined whether capturing fusion at the TAS or LAS affected the ability of eC46 to inhibit fusion. To prevent dye transfer induced by Envs that did not bind CD4 and CXCR4 at these stages, cells were exposed to AMD3100 before restoration of the fusogenic conditions. The extent of dye transfer between the target cells and effector cells expressing eC46 was measured for different fusion protocols and normalized to fusion with effector cells lacking the inhibitory peptide (Fig. 5B) . We found that the relative efficacy of eC46 was not affected by the exact protocol used to induce fusion. This result was in contrast to that of tMACexpressing cells that were rendered fusion incompetent, following creation of the LAS (Fig. 4A) . To better illustrate this point, we replotted data from Fig. 4A after normalizing fusion with tT20 cells to fusion with PM-1 cells (Fig. 5B) . Because arresting fusion at steps prior to membrane merger did not lead to significant changes in eMAC activity, we hypothesized that these peptides target gp41 prebundles formed after fusion pore opening.
To further examine which steps of fusion are targeted by eMACs, additional experiments were performed, this time, with PM-1 cells as targets. First, we determined whether eC46 can selectively bind early conformational intermediates of gp41 induced by receptor binding. To this end, effector cells were treated with soluble CD4 (sCD4). Binding of gp120 to sCD4 is known to induce exposure/formation of the gp41 coiled coil domain (17, 29) and to compromise the fusogenic activity of HIV Env through sCD4-induced gp120 shedding or other mechanisms (31, 32) . If the coiled coil domain exposed after sCD4 treatment is positioned in the vicinity of the Env-expressing membrane with its N terminus facing that membrane (Fig.  1 , early prebundle), eC46 can conceivably bind gp41 and impair further conformational changes leading to fusion. Effector cells expressing or not expressing eC46 were pretreated with sCD4, washed to remove unbound receptor, and cocultured with PM-1 cells (Fig. 6A) . If eMACs recognized sCD4-induced conformations of gp41, they would be expected to further potentiate the effect of sCD4. However, pretreatment with sCD4 reduced fusion to effector cells lacking eC46 and to those expressing eC46 to a similar extent. Thus, eC46 does not appear to interact with early gp41 prebundles that are formed as a result of CD4 binding.
Next, we asked whether eMACs can interfere with the subsequent step of fusion: formation of ternary Env/CD4/CXCR4 complexes. As described above (Fig. 3C) , ternary complex formation was detected by probing the ability of AMD3100 to block cell fusion after varied times of preincubation at subthreshold temperature. The rate of increase in the extent of AMD3100-resistant fusion upon preincubation at 23°C was very close for effector cells lacking and those expressing the eC46 peptide (Fig. 6B) . These results, combined with data shown in Fig. 3C , show that neither eMACs nor tMACs interfere with gp120 binding to CD4 and coreceptors.
Finally, we determined whether eC46 synergizes with AMD3100, as has been documented for tT20 (Fig. 3A and 6C) . We found that eC46-expressing cells were as resistant to AMD3100 inhibition as effector cells lacking the peptide (Fig.  6C) , showing that the drug did not potentiate eMAC activity. Collectively, our data support the conclusion that eMACs do not recognize gp41 conformations upstream of membrane merger, so they must bind to late gp41 prebundles around the fusion pore.
DISCUSSION
HIV-1 gp41 engages the target membrane before inducing fusion. In this work, tMACs were utilized to identify the gp41 conformations that bridge the viral and target membranes prior to fusion. Our strategy was based on two assumptions. First, we postulated that tMACs bind exclusively to the target membrane-engaged (bridging) conformations of gp41 but not to early gp41 prebundles (Fig. 1) . Second, we assumed that, by analogy to soluble C peptides (2, 20, 36) , the potency of tMACs is determined primarily by the lifetime of gp41 prebundles targeted by these peptides. Thus, in the case of tMACs, the longevity of bridging prebundles is the major determinant of their inhibitory activity. We attempted to increase the time of bridging prebundle exposure by reversibly capturing fusion at intermediate stages upstream of membrane merger (TAS and LAS). We then looked for a qualitative potentiation of tMAC FIG. 6 . Inhibitory activity of C46 anchored to effector cell membrane (eC46). (A) Effector cells either not expressing (first and second bar) or expressing (third and fourth bar) the eC46 were pretreated with 7 g/ml sCD4 (10 min, 37°C), washed twice, and coincubated with PM-1 cells for 2 h at 37°C. The effect of sCD4 on fusion was quantified by normalizing the fraction of fused cells to that in the absence of the soluble receptor. (B) Effector cells lacking (circles) or expressing (triangles) eC46 were coincubated with PM-1 cells at 23°C for varied times, exposed to 10 M AMD3100, and warmed to 37°C. The acquisition of resistance to AMD3100 is expressed as the ratio of fusion in the presence of AMD3100 to that in the absence of the drug. Experimental points are means Ϯ standard errors of the means of results from two independent experiments performed in duplicate. (C) Dose dependences of inhibition of fusion between control cells lacking MACs (EϩPM1, open circles) , between eC46-expressing and PM-1 cells (eC46ϩPM1, open triangles), or between effector and tT20-expressing cells (EϩtT20, filled circles). The data were normalized to fusion in the absence of the drug. AMD3100 used in the experiments for which results are shown in Fig. 6 was purchased from Sigma. activity, which was taken to indicate that stable bridging prebundles had formed at that stage.
We have recently investigated the effect of arresting fusion at the TAS or LAS on the ability of soluble C34 to inhibit cell-cell fusion induced by X4-tropic HIV-1 Env (2). Surprisingly, capturing fusion at these intermediate stages did not significantly alter the inhibitory concentrations of C34 compared to direct incubation at 37°C. This finding argues that, under our experimental conditions, the overall time spent in prebundle conformations was sufficiently long to ensure optimal peptide binding. In contrast to soluble C34, tMAC inhibitory activity was greatly improved after arresting fusion at the LAS (Fig. 4A) . This important result implies that the bridging prebundles are normally too short-lived to allow optimal binding of tMACs and that these structures can be stabilized at 37°C in the presence of inhibitory lipids. On the other hand, the lack of augmentation of tMAC activity after preincubation at subthreshold temperature (TAS) is consistent with our initial assumption that tMACs do not recognize early gp41 prebundles upstream of the bridging conformation. In summary, this work provides experimental evidence that, following CD4 and coreceptor binding, HIV-1 gp41 inserts its fusion peptides into the target membrane-a critical step that mechanically couples further refolding of gp41 into a 6HB and membrane merger.
It is worth pointing out that, in contrast to photoaffinity labeling techniques (for examples, see references 13 and 40) that directly detect the target membrane-engaged conformations of fusion proteins upstream of membrane merger, the functional approach employed in this paper is rather indirect. On the other hand, the photoaffinity labeling can potentially reveal structures forming as a result of a concurrent off-path reaction that does not lead to productive fusion. The distinct advantage of fusion assays is that they, by definition, pertain to the proteins involved in the productive fusion. The ability of tMACs to completely block dye redistribution between cells under conditions that permit optimal binding to gp41 prebundles (most likely the bridging prebundles) demonstrates that formation of these prebundles and their conversion to six-helix bundles is critical for fusion. Thus, our results, for the first time, provide evidence that bridging prebundles are bona fide intermediates of gp41-induced fusion.
Possible mechanism of inhibition by MACs expressed in effector cells. Based on the position and orientation of eMACs with respect to gp41, we envisioned that these peptides would not bind to gp41 and, therefore, would not inhibit fusion. Surprisingly, however, we found that eMACs exhibited weak inhibitory activity (Fig. 5A ). This effect was not related to reduction in Env expression (Table 1 ) nor was it due to interactions with gp41 intermediates formed upstream of membrane merger (Fig. 6) . The lack of eMAC-gp41 interactions prior to membrane merger is supported by the following observations. First, eC46 did not appear to recognize gp41 structures formed after Env-sCD4 binding at 37°C or after formation of ternary Env/CD4/CXCR4 complexes at subthreshold temperature ( Fig. 6A and 5B, respectively). Second, in contrast to tT20, eC46 activity was not potentiated by a moderate concentration of AMD3100 that slows down the fusion reaction (Fig. 6C) . Third, the efficacy of eC46 did not increase after capturing fusion at the LAS (Fig. 5B) , a stage that immensely improved the potency of tMACs.
To account for the above results, we propose that eMACs bind to gp41 prebundles around the fusion pore by diffusing laterally along the pore walls and properly positioning themselves with respect to the coiled coil domain (Fig. 1, lower  panel) . We envision that, by interacting with the fusogenic gp41 prebundles around the nascent pore, eMACs can induce pore closure. The poor inhibitory effect of eC46 (Fig. 5) is consistent with a low efficacy of binding to transient gp41 prebundles involved in pore formation. An alternative possibility is that eMACs somehow associate with the native form of gp41, rendering it inactive. However, to our knowledge, binding between the viral membrane-proximal region of gp41 and C peptides has not been documented.
Formation of ternary gp120/CD4/CXCR4 complexes is necessary but not sufficient to trigger gp41-induced fusion. We have previously shown that gp41 prebundles are formed at the TAS (29) . At this point, gp120 binds CD4 and, at least partially, engages CXCR4 ( Fig. 3C and 6B ) (30) . Clearly, however, binding to CD4 and coreceptors at subthreshold temperature is not sufficient to induce fusion (2, 30) . Moreover, the tMAC-based approach utilized in this paper revealed that formation of ternary complexes at 23°C (TAS) did not appear to promote insertion of the gp41 fusion peptides into the target membrane. This finding is in agreement with the lack of direct gp41-target membrane interactions at subthreshold temperature documented by the photoaffinity labeling technique (35) . Because optimal interactions between tMACs and gp41 occur at the LAS but not at the TAS (Fig. 4A) , it is most likely that insertion of the gp41 fusion peptides into the target membrane is triggered by raising the temperature from the TAS. To conclude, the combination of ternary complex formation and elevated temperature is a prerequisite for gp41 refolding that leads to engagement of the target membrane and, ultimately, induces membrane fusion.
The markedly increased potency of tMACs after creation of the lipid-arrested stage implies that, once formed, the bridging conformation of gp41 can be stabilized at 37°C in the presence of inhibitory lipids. These and other stabilized fusion intermediates can present new targets for antiviral drugs. By engineering a disulfide bond between gp120 and gp41 subunits, we and others have previously captured another fusion intermediate upstream of membrane merger (1, 4) . The mutant Env, termed SOS (5), engaged CD4 and coreceptors upon coculture with target cells at 37°C but did not induce fusion. From this stage, fusion could be triggered by reducing the intersubunit disulfide bond with dithiothreitol. We predicted that SOS-induced fusion was captured at an advanced stage where Envs formed the bridging prebundles (1). This notion can now be tested by using the tMAC-based experimental approach developed in the present work.
